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Guest Editorial Introduction to the Special Section on Advanced Servo Control for Emerging Data Storage Systems

S
INCE the introduction of the IBM 726 tape system in 1952, the first commercially available data-storage device relying on magnetic recording, servo control systems have proved key for improving throughput and capacity in data-storage devices, in which accurate positioning of write and read elements is required to reliably store and retrieve information. With the exploding demand for ever more data-storage capacity for both archival and real-time applications, servo control is becoming increasingly important for systems such as hard-disk drives (HDDs), tape drives, and optical drives. Significant new technologies are emerging in this field in response to challenging requirements for future storage systems. The goals of the Information Storage Industry Consortium (INSIC) are to achieve extremely high-density recording in HDDs, i.e., in the range of several Tbit/in , and extremely high tape capacities, i.e., tens of Terabytes, in the next decade. Advanced servo control design methods are recognized as key elements for achieving these objectives. In HDDs, for example, robust control systems for dual-stage servo actuators are needed for fine head positioning. Feedback control systems for nanoprobe-based heating in heat-assisted magnetic recording are envisaged for controlling the nanoscale gap between the probe and the recording medium, so that densities higher than 1 Tbit/in can be attained. In tape drives, new control methods are needed for achieving much higher track densities than those available in current systems. High-bandwidth actuators with more than one degree of freedom are being considered to improve the positioning accuracy in the track-following servo. Multiple-input multiple-output (MIMO) control systems for the reel-to-reel servo are required to provide feedback of both tape velocity and tension, so that the use of thinner tape can be enabled, thereby substantially increasing the volumetric recording density.
In addition, data-storage systems are emerging that will inherently require high-performance control systems. In optical storage devices, near-field recording aims at reducing the beam spot size by increasing the numerical aperture of a focusing lens using a solid immersion lens technology. In the case of a blue laser diode light source, the gap distance must be less than 100 nm and controlled with tight margin. Stable servo systems are needed to prevent collisions between the lens and the disk surface and to guarantee good system performance. Holographic data storage holds the potential for a volumetric density greater than 100 Gbit/cm and a throughput larger than 1 Gbit/s. In holographic drives, a reference beam must be precisely controlled for aligning a holographic image on an image sensor.
Digital Object Identifier 10.1109/ TCST.2011.2178301 Recently, the tremendous potential of nano-positioning in scanning-probe storage devices has also been recognized. Feedback control is essential for devices that require positioning accuracy at the nanoscale. Scanning-probe data-storage prototype systems have achieved areal densities significantly higher than 1 Tbit/in . The trend towards higher servo positioning accuracy and robustness in storage devices will continue, leading to further innovations. The goal of this special section on "Advanced Servo Control for Emerging Data Storage Systems" is to highlight some of the challenges posed by high-performance data-storage systems to the control community, sharing our vision that advanced control methods will continue to play a key role in this field for many years to come. This special section consists of a survey paper, six regular papers, and four brief papers that present new results on challenging theoretical as well as practical aspects of important servo-control research areas. All papers submitted were peer-reviewed according to the Transactions' guidelines and standards. A brief overview of this special section follows.
This special section opens with a survey paper coauthored by the four Guest Editors, entitled "Control Methods in Data-Storage Systems." Cherubini et al. present a comprehensive overview of advanced servo-control methods for data storage. First, applications to well-established recording technologies are considered, including magnetic tape and magnetic disk systems, as well as CD/DVD/Blue-Ray optical data-storage systems. Then the more recent near-field optical systems and holographic systems are addressed. Finally, control techniques for the emerging probe-storage technology are dealt with. Throughout the paper, emphasis is given to the potential exhibited by the technologies considered in conjunction with advanced servo concepts for achieving ultra-high storage capacities, as required by the exploding demand in data-storage capacity for archival systems and multimedia applications.
In the paper "Time-Optimal Control with Pre/Post Actuation for Dual-Stage Systems," Devasia considers the output transition problem, i.e., changing the output position from an initial value to a target final value, for dual-stage positioning systems. This work is motivated by the advent of dual-stage systems in HDDs. In particular, the focus is on the design of feedforward controllers for reducing the seek time. The actuator redundancy is exploited when transitioning the output, represented by the read/write head position, from one value to another without residual vibrations, which would adversely affect system performance. The author demonstrates that the use of pre-and post-actuation input, applied outside the transition interval without changing the output, can significantly reduce the transition time to values below that achieved by the standard bang-bang inputs from the optimal state-transition approach.
1063-6536/$26.00 © 2011 IEEE The paper "Reference Signal Shaping for Closed-Loop Systems with Application to Seeking in Hard Disk Drives," by Boettcher et al. deals with optimal input shaping in closedloop systems, where reference and feedforward signals are to be derived with control and output signals being subject to constraints. A reference signal-shaping algorithm based on convex optimization techniques is presented that can be directly applied in high-performance servo systems, such as HDDs, where fast seek is required in the presence of saturation limits on the control signals. The authors verify the algorithm by monitoring the seek process in a modified HDD set-up, and show that input shaping significantly reduces targeting time and residual vibrations as compared to an output response obtained by using standard reference signals.
The paper by Lee et al., entitled "Robust Fast Seek Control of a Servo Track Writer Using a State Space Disturbance Observer," addresses the problem of fast seek for servo track writing in HDDs in the presence of unknown disturbances. In conventional schemes for servo track writing, satisfactory transient response and negligible state error are usually attained by slowing down the performance of the seek controller. However, this is not desirable in systems with large track densities, as it negatively affects servo track writing time, and hence productivity. Lee et al. propose a robust fast seek controller using a state-space disturbance observer for servo track writers that does not require an explicit model for the disturbance or the adjustment of filter sensitivity. The effectiveness of the method is demonstrated through tests conducted in an experimental set-up.
In the paper "Modified Bode Plots for Robust Performance in SISO Systems With Structured and Unstructured Uncertainties," by Atsumi and Messner develops a methodology for robust control design in single-input single-output (SISO) systems in the framework of loop-shaping techniques. In contrast to controller design for SISO systems using classical loop shaping or conventional robust Bode plot, the new method addresses both structured and unstructured uncertainties in the loop plant by employing visualization tools that are modifications of the classical Bode plot. The effects of the structured and unstructured uncertainties in the plant are taken into account without the need for transfer function models of the plant, the sensitivity function performance weighting function, or the uncertainty weighting function. As a result, controllers with moderate order are obtained without resorting to model-order reduction, while improving controller performance and robustness. In the paper an application of the proposed method in a head-positioning control system in an HDD is described.
In the paper by Lantz et al., entitled "Servo-Pattern Design and Track-Following Control for Nanometer Head Positioning on Flexible Tape Media," advanced concepts are considered for several elements of a tape system to reach nanometer positioning accuracy in the track-following servo. In particular, a novel method is introduced for optimizing the geometry of servo patterns in a timing-based servo system. A flangeless tape path is adopted to mitigate the high-frequency components of the lateral tape motion, and a digital synchronous servo channel yields near-optimal measurement of the position error. The design of the track-following servo controller is based on the approach, and takes into account the measured transfer function of the head actuator, the disturbance characteristics of the tape path, and the properties of the servo channel. With an experimental set-up including the above elements, the authors demonstrate a record closed-loop track-following performance of less than 14 nm position-error-signal standard deviation.
The paper by Sebastian and Pantazi, entitled "Nanopositioning with Multiple Sensors: A Case Study in Data Storage," deals with control problems that arise in nanopositioning systems in which more than one sensor is available to measure the quantity of interest, here the position of the scanner in a probe-based data-storage prototype system. Sebastian and Pantazi explain how a filtering method, either Kalman or filtering, may be used to generate an accurate estimate of the position by employing a sensor fusion approach. The method results in a virtual sensor that can be used in a feedback loop to control the displacement of the positioner. If designed properly, the virtual sensor can outperform any of the individual sensors. As an alternative, the authors demonstrate how a multiple-input single-output (MISO) controller may be designed such that all sensors are directly used for control in an optimal way.
Let us now look at the four brief papers contained in this special section. In "Final-State Control Using a Time-Symmetric Polynomial Input," Hirata and Ueno propose a method for the design of a feedforward input for fast and accurate control of actuators in HDDs and other information devices. Their design method is based on a final-state control, and is devised such that the feedforward input is generated by a polynomial and has a spectrum that exhibits large attenuation at frequency points corresponding to resonance frequencies of the actuator. Furthermore, the authors consider a time-symmetrical polynomial input to reduce the implementation complexity and improve the system performance for relatively long feedforward input signals. The effectiveness of the method is demonstrated with reference to a galvano scanner, which is an important component for laser beam machines.
Sampling intervals for HDD servo systems are not always uniform. For example, an irregular sampling rate might arise from missing position-error signal samples if some servo patterns are damaged, or during some self-servo write processes, if the time of writing concentric servo patterns coincides with the time of reading the feedback position error signal from previously written servo patterns. In the brief paper "Optimal Control Design and Implementation of Hard Disk Drives With Irregular Sampling Rates" by Nie et al., HDD servo systems are modeled as linear periodically time-varying systems. Nie et al. develop a control synthesis technique based on the approach for linear periodically time-varying systems, and apply it to synthesize an track-following controller for HDD servo systems with irregular sampling rate. The proposed control synthesis technique is validated by experimental results on several HDDs.
Narrow-band disturbances in the track-following servo of HDDs, stemming from, for example, airflow-excited disk vibrations or imperfections in the spindle bearing, cause strong narrow peaks to appear in the position-error spectrum, and impair servo performance. The brief paper "A Minimum Parameter Adaptive Approach for Rejecting Multiple Narrow-Band Disturbances With Application to Hard Disk Drives" by Chen and Tomizuka, presents a general control scheme that rejects the narrow-band disturbances at multiple frequency locations in HDDs. As the spectral characteristics of these narrow-band disturbances may differ from disk to disk and even from track to track, the authors introduce a model-based adaptive multiple narrow-band disturbance observer to effectively estimate and cancel the unknown disturbance.
Piezoelectric actuators are widely used in scanning-probe microscopes for rastering. The brief paper by Butterworth et al., entitled "A Discrete-Time Single-Parameter Combined Feedforward/Feedback Adaptive-Delay Algorithm With Applications to Piezo-Based Raster Tracking," proposes an adaptive feedforward plant injection architecture, which is designed to improve tracking performance in rastering applications. The method is based on inserting an additional delay in the feedforward controller and using an adaptive method to determine the amount of delay needed. The authors explain that the advantages of the proposed algorithm include a reduction in computational load as compared to the traditional methods, and that no knowledge of the plant for adaptation is needed. They include simulations and experiments that demonstrate the performance of their proposed method.
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